Nitric oxide (NO) plays a major role in the regulation of cardiovascular and metabolic homeostasis, as evidenced by insulin resistance and arterial hypertension in endothelial NO synthase (eNOS) null mice. Extrapolation of these findings to humans is difficult, however, because eNOS gene deficiency has not been reported. eNOS gene polymorphism and impaired NO synthesis, however, have been reported in several cardiovascular disease states and could predispose to insulin resistance. Highfat diet induces insulin resistance and arterial hypertension in normal mice. To test whether partial eNOS deficiency facilitates the development of insulin resistance and arterial hypertension during metabolic stress, we examined effects of an 8-week high-fat diet on insulin sensitivity (euglycemic clamp) and arterial pressure in eNOS ؉/؊ mice. When fed a normal diet, these mice had normal insulin sensitivity and were normotensive. When fed a high-fat diet, however, eNOS ؉/؊ mice developed exaggerated arterial hypertension and had fasting hyperinsulinemia and a 35% lower insulin-stimulated glucose utilization than control mice. The partial deletion of the eNOS gene does not alter insulin sensitivity or blood pressure in mice. When challenged with nutritional stress, however, partial eNOS deficiency facilitates the development of insulin resistance and arterial hypertension, providing further evidence for the importance of this gene in linking metabolic and cardiovascular disease.
M
etabolic insulin resistance is a problem of utmost clinical importance and a major risk factor for cardiovascular morbidity and mortality. Epidemiological studies indicate that insulin resistance and arterial hypertension are related (1, 2) , suggesting the possibility of a common underlying mechanism. Endothelial nitric oxide (NO) synthase (eNOS)-dependent NO synthesis by the vascular endothelium regulates arterial pressure (3, 4) and is defective in human essential hypertension (5) . Endothelium-derived NO also mediates insulin-induced stimulation of the perfusion of skeletal muscle (6) , its main metabolic target tissue. In insulin-resistant individuals, insulin stimulation of endothelial NO synthesis is impaired and may contribute to defective skeletal muscle glucose uptake (7) . In line with this hypothesis, NOS inhibitors reduce insulinstimulated muscle glucose uptake in rats in vivo (8) . Moreover, eNOS is expressed in the skeletal muscle (9) , and NO donors stimulate glucose transport in isolated rat muscle preparations in vitro (10 -12) . Consistent with the concept of an important role of NO in the regulation of insulin sensitivity and arterial pressure, eNOS null mice are insulin resistant (13) (14) (15) and hypertensive (3, 14, 15) . Extrapolation of these findings in mice to humans is problematic, because eNOS gene deficiency has not been reported in humans so far. There is evidence, however, that cardiovascular disease states such as hypertension, coronary artery disease, and myocardial infarction are associated with eNOS gene polymorphism (16 -21) and impaired NO synthesis (19, 20) . The impaired NO synthesis, which under some conditions is directly related to the polymorphism (22, 23) , could predispose to insulin resistance (24, 25) . We hypothesized that partial eNOS deficiency in mice, when challenged with a metabolic stress, may predispose to insulin resistance and hypertension. To test this hypothesis, we assessed insulin sensitivity and arterial pressure in eNOS ϩ/Ϫ and wild-type mice that were fed a normal or a high-fat diet for 8 weeks.
mice (eNOS ϩ/ϩ ) were generated by mating heterozygous animals from our colony. Mice of generations 9 -12 were used for our studies. Starting at the age of 6 weeks, the mice were fed a normal diet (NC; UAR, Epinay sur Orge, France; energy content: 12% fat, 28% protein, and 60% carbohydrate, low nitrates) or a high-fat carbohydrate-free diet (HFD; UAR; energy content: 72% fat [corn oil and lard], 28% protein, and Ͻ1% carbohydrate, low nitrates) (26) . Throughout the study period, the mice were housed with light on from 7:00 A.M. to 7:00 P.M. with food and water ad libitum. Glucose clamp studies. The glucose turnover rate was assessed after 8 weeks of dietary treatment during a euglycemic-hyperinsulinemic clamp in freely moving mice after a 5-h fast as described previously (14, 15) . Insulin sensitivity was assessed at maximal (18 mU ⅐ kg Ϫ1 ⅐ min Ϫ1 ; n ϭ 8 -9 animals per group) and at physiological insulin stimulation (4 mU ⅐ kg Ϫ1 ⅐ min Ϫ1 ; n ϭ 8 animals per group, HFD studies only). Briefly, 3 days before study, mice were anesthetized with halothane and an indwelling catheter was inserted into the vena cava through the femoral vein, sealed under the back skin, and exteriorized and glued at the back of the neck. On the day of the clamp, 3 H]glucose specific activity. Two mice that showed variations of these two parameters of Ͼ15% during the last hour of the 3-h infusion were not included in the calculations. Endogenous glucose production was calculated by subtracting the glucose infusion rate from the glucose turnover rate. Whole-body glucose clearance was calculated by dividing the mean whole-body glucose turnover rate by the mean steady-state plasma glucose concentration obtained during the last hour of the infusion period. At time 180 min, a blood sample was obtained for determination of the plasma insulin concentration and the mice were killed. Blood chemical analysis. Glucose (Glucose Trinder kit 100; Sigma Diagnostics, St. Louis, MO) and insulin (ELISA; Mercodia, Uppsala, Sweden) plasma concentrations were measured in the fed state in conscious mice between 1:00 and 3:00 P.M., after a 6-h fast (n ϭ 10 -20 mice for each group). Free fatty acids were measured in at least six animals per group after an 8-h fast (NEFA-C; Wako). Nitrate (NOx) concentration was measured in plasma samples obtained by cardiac puncture, with a chemiluminescence NO analyzer (Sievers 280 NOA), after reduction of NOx to NO with VCl 3 (n ϭ 7 mice for each group). Measurement of arterial blood pressure and heart rate. Arterial pressure and heart rate were measured in awake, partially restricted mice (n ϭ 5-6 mice for each group) with a fluid-filled PE-10 tubing connected to a pressure transducer. The catheter had been inserted into the carotid artery 3-5 h before the measurement under halothane anesthesia and tunneled subcutaneously to exit at the back of the neck. Muscle blood flow. Muscle blood flow was measured in anesthetized mice (4 -5% halothane inhalation for the induction, followed by 1-1.5% for the maintenance of anesthesia), using a laser Doppler probe (Periflux System 5000, Probe #403; Perimed, Jä rfä lla, Sweden) inserted directly into the hindlimb skeletal musculature and stabilized with a micromanipulator. Fourteen mice that were fed with NC (6 eNOS ϩ/ϩ , 8 eNOS ϩ/Ϫ ) and 10 mice that were fed a HFD (5 eNOS ϩ/ϩ , 5 eNOS ϩ/Ϫ ) were studied. During the entire study, the body temperature was maintained at 37.0 Ϯ 0.5°C with a temperature control unit (Frederick Haer and Co., Bowdoinham, ME). The blood flow signal was recorded on a personal computer using a specific data acquisition software (Powerlab 400; AD Instruments). A 90-min euglycemic glucose clamp was performed as described above. Muscle eNOS content. Muscle eNOS content was determined by Western blotting. In brief, at the end of the clamp, the muscles from the hindlimb were dissected out of the bones and adipose tissue depots and immediately frozen in liquid nitrogen. Then they were ground, lysis buffer was added, and they were processed as previously described (27) . Equal amounts of proteins were then resolved by SDS-PAGE and transferred to nitrocellulose membranes. After incubation with a monoclonal anti-eNOS antibody (Transduction Laboratories, Lexington, KY; dilution 1:2,000) for 1 h at room temperature, immune complexes were revealed using enhanced chemiluminescence. Quantification was performed using scanning densitometry with a Fluor-S Imager from BioRad (Hercules, CA) with Quantity One software (BioRad). Measurement of glucose utilization in isolated muscle. After cervical dislocation, the soleus muscles were rapidly isolated, tied separately to silk threads by the tendons, and immersed for 15 To stop the reaction, the muscles were immersed in ice-cold saline buffer, washed for 30 min, and then dissolved in 1 mol/l NaOH at 55°C for 60 min. An aliquot of the extract was neutralized with 1 mol/l HCl and spun down, and the 3 H-labeled radioactivity was counted in the presence of a scintillation buffer. Sample aliquots were used for protein determination. Statistical analysis. Data were analyzed using the JMP software package (SAS Institute, Cary, NC). Statistical analysis was done with ANOVA for between-group comparisons and with the two-tailed t test for single comparisons. Relations between variables were analyzed by calculating Pearson product-moment correlation coefficient. All data are presented as mean Ϯ SE. P Ͻ 0.05 was considered to indicate statistical significance.
RESULTS

Body weight was comparable in eNOS
ϩ/Ϫ and wild-type mice throughout the study period (data not shown). eNOS expression in skeletal muscle tissue was roughly 50% lower in heterozygous than in control mice and remained unchanged during HFD. Effects of HFD on insulin sensitivity. In mice that were fed NC, the glucose infusion (96.0 Ϯ 6.4 vs. 109.9 Ϯ 5.9 mg ⅐ kg Ϫ1 ⅐ min Ϫ1 ) and glucose clearance rates (0.97 Ϯ 0.10 vs. 1.08 Ϯ 0.06 dl ⅐ min Ϫ1 ⅐ kg Ϫ1 ) during the hyperinsulinemic clamp studies with the maximal insulin infusion rate were comparable in eNOS ϩ/Ϫ and wild-type mice ( Fig. 1A and B, Table 1 ). In contrast, in mice that were fed HFD, the glucose infusion (54.4 Ϯ 2.6 vs. 82.2 Ϯ 3.1 mg ⅐ kg Ϫ1 ⅐ min Ϫ1 ) and glucose clearance rates (0.55 Ϯ 0.03 vs. 0.82 Ϯ 0.03 dl ⅐ min Ϫ1 ⅐ kg Ϫ1 ) were roughly 35% lower in eNOS ϩ/Ϫ than in wild-type mice (P Ͻ 0.001; Fig. 1A and B) . In eNOS ϩ/Ϫ mice that were fed HFD, insulin resistance was also more marked during clamps using a physiological insulin infusion rate (glucose infusion rate, 29.1 Ϯ 1.3 vs. 43.6 Ϯ 6.8 mg ⅐ kg Ϫ1 ⅐ min Ϫ1 in eNOS ϩ/Ϫ and control mice, respectively). During the high-dose insulin clamps, hepatic glucose production was completely suppressed in all groups. During the low-dose insulin clamps, hepatic glucose production in HFD-fed mice was incompletely but equally suppressed in both groups (5.8 Ϯ 1.1 and 4.7 Ϯ 2.5 mg ⅐ kg Ϫ1 ⅐ min Ϫ1 in eNOS ϩ/Ϫ and control mice, respectively). During the clamp studies, the plasma glucose concentration was comparable in all conditions. In NC-fed mice, the fasting plasma insulin concentration was comparable in both strains (12.9 Ϯ 1.6 and 13.0 Ϯ 1.2 U/ml), whereas during HFD, it was almost 2.5-fold higher in eNOS ϩ/Ϫ than in wild-type mice (P Ͻ 0.05; Fig. 1C ). The fasting blood glucose concentration was not altered by the HFD (Fig. 1C) . Effects of HFD on vascular NO synthesis, arterial pressure, and heart rate. In humans, fat administration may induce endothelial dysfunction (28) . To determine the impact of an HFD on vascular NO production in mice, we measured the plasma concentration of NOx. It was ϳ60% lower in HFD-than in NC-fed mice (P Ͻ 0.05; Fig. 1D ). This defect of diet-induced vascular NO production was associated with the development of arterial hypertension (Fig.  1E) . After 8 weeks of HFD, mean arterial pressure had increased from 97 Ϯ 6 to 130 Ϯ 4 mmHg (P Ͻ 0.01) in eNOS ϩ/Ϫ and from 99 Ϯ 2 to 117 Ϯ 1 mmHg (P Ͻ 0.001) in
DIET-INDUCED INSULIN RESISTANCE IN eNOS ؉/؊ MICE
wild-type mice. The diet-induced increase in arterial pressure was significantly larger in eNOS ϩ/Ϫ than in wild-type mice (P Ͻ 0.05). Similarly, during HFD, heart rate was significantly faster in eNOS ϩ/Ϫ mice than in control mice (516 Ϯ 31 vs. 395 Ϯ 29 bpm; P ϭ 0.008), whereas during NC, it was comparable in both groups (469 Ϯ 25 vs. 439 Ϯ 41 bpm; P Ͼ 0.1). Free fatty acid plasma concentration did not differ during HFD between wild-type and heterozygous mice (1.37 Ϯ 0.21 vs. 1.08 Ϯ 0.34 mol/l; P Ͼ 0.1). Effects of HFD on insulin stimulation of skeletal muscle blood flow in vivo and muscle glucose utilization in vitro. In eNOS knockout mice, insulin resistance is associated with impaired insulin stimulation of skeletal muscle perfusion (14) . To study the effect of HFD on insulin-stimulated muscle perfusion, we measured hindlimb muscle blood flow during clamp studies. During NC, muscle blood flow had increased by ϳ45% by the end of the clamp in both strains of mice. HFD almost completely abolished the insulin-induced stimulation of muscle blood flow in eNOS ϩ/Ϫ and wild-type mice ( Fig. 2A) . In skeletal muscle, insulin resistance could be constitutive or induced by external factors. To address this point, we studied isolated muscle glucose utilization. We found that basal and insulin-stimulated glucose transport were comparable in soleus muscles from heterozygous and control mice that were fed NC or HFD (Fig. 2B ).
DISCUSSION
Recently, we found that eNOS null mice are insulin resistant and hypertensive (13) (14) (15) . As complete gene deficiencies are seldom found in human disease, we examined whether a partial deletion of eNOS also affects insulin sensitivity and blood pressure homeostasis. We found that when fed an NC, eNOS ϩ/Ϫ mice had normal insulin sensitivity and were normotensive. When fed HFD for 8 weeks, however, eNOS ϩ/Ϫ mice developed exaggerated insulin resistance at both physiological and maximal insulin-stimulated rates, as evidenced by fasting hyperinsulinemia and glucose infusion rates during euglycemic clamp studies that were ϳ40% lower than in wild-type mice. Moreover, HFD caused an exaggerated increase of the arterial pressure in eNOS ϩ/Ϫ mice. These findings indicate that one eNOS gene provides sufficient eNOS protein expression and activity to maintain normal insulin sensitivity and arterial blood pressure under usual conditions. During a metabolic stress (HFD), however, eNOS deficiency amplified a pathological mechanism observed under normal conditions and led to exaggerated insulin resistance and arterial hypertension.
In mice that were fed HFD, hepatic glucose production was equally suppressed in both groups, indicating that the lower glucose infusion rate in eNOS ϩ/Ϫ mice was mostly accounted for by decreased glucose uptake in peripheral tissues. In eNOS null mice, insulin resistance is associated with impaired stimulation of muscle blood flow (14) . In eNOS ϩ/Ϫ mice that were fed NC, insulin stimulation of muscle blood flow was comparable to that of wild-type mice, indicating that one allele is sufficient to maintain a normal response to this stimulus. During the HFD, insulin stimulation of muscle blood flow was markedly impaired in both groups, possibly related to impaired vascular NO synthesis (as reflected by the ϳ60% decrease of NOx plasma concentration in both groups). These findings suggest that impaired insulin stimulation of muscle blood flow and, in turn, substrate delivery contributed to HFDinduced insulin resistance in wild-type and eNOS ϩ/Ϫ mice. The observation that during HFD, for a comparable impairment of insulin stimulation of muscle blood flow, insulin resistance was more marked in eNOS ϩ/Ϫ than in wild-type mice, suggests that additional mechanisms contributed to metabolic insulin resistance in eNOS ϩ/Ϫ mice. eNOS is expressed in skeletal muscle tissue (9) , where NO regulates metabolic and contractile processes (11) . In isolated skeletal muscle preparations of eNOS null mice, the basal and insulin-stimulated glucose transport is impaired (14) . Here we found that, consistent with normal glucose uptake in vivo, glucose uptake in vitro in response to insulin was also normal in eNOS ϩ/Ϫ mice, although soleus muscle eNOS expression was ϳ50% lower than in control mice. Moreover and consistent with previous results in normal mice, the low-carbohydrate HFD did not alter basal and insulin-mediated glucose uptake in vitro in 
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؉/؊ MICE control and eNOS ϩ/Ϫ mice (29) . These findings suggest that differences in eNOS expression in skeletal muscle tissue did not contribute importantly to exaggerated metabolic insulin resistance in HFD-fed eNOS ϩ/Ϫ mice in vivo. Exaggerated insulin resistance in HFD-fed eNOS ϩ/Ϫ mice does also not seem to be related to differences in free fatty acid levels, which were found to be comparable in the two groups. Finally, despite marked insulin resistance at the end of the 8-week HFD, the fasting plasma glucose concentration remained normal in eNOS ϩ/Ϫ mice, suggesting that the compensatory hyperinsulinemia was sufficient to maintain glucose concentration within normal limits.
In addition to metabolic insulin resistance, HFD induced arterial hypertension. Our findings suggest that this was related, at least in part, to impaired vascular NO synthesis. The observation that for comparable values of NOx plasma concentration the arterial hypertension was more pronounced in the eNOS ϩ/Ϫ mice suggests that additional mechanisms may play a role. Insulin stimulates sympathetic nervous activity in rodents and humans (24, 25) . Thus, in eNOS ϩ/Ϫ mice, basal hyperinsulinemia-induced sympathetic overactivity could contribute to exaggerated arterial hypertension during HFD. Consistent with this hypothesis, heart rate was faster in eNOS ϩ/Ϫ than in control mice during HFD. Parenthetically, sympathetic overactivity could also represent one of the factors facilitating insulin resistance in eNOS ϩ/Ϫ mice (30). Recently, vascular endothelial insulin receptor knockout mice have been generated and were found to have normal insulin sensitivity blood pressure under normal conditions but showed insulin resistance and altered blood pressure control when challenged with changes in dietary salt intake (31) . Taken together with the present data, these findings suggest that under normal conditions, either a specific loss of insulin stimulation of vascular endothelial NO release (VENIRKO mice) or a generalized partial defect of eNOS-driven NO synthesis (eNOS ϩ/Ϫ mice) is largely inconsequential with regard to blood pressure homeostasis and insulin sensitivity, although in the VENIRKO mice, the potential role of insulin-stimulated endothelial NO production in the regulation of whole-body insulin sensitivity might have been overlooked, because the clamp studies were of very short duration and a high insulin infusion rate was used (i.e., it remains possible that a shift in insulin sensitivity may have been detected if lower insulin infusion rates had been used). When hit by an additional challenge, however, normal eNOS function seems to represent a line of defense to maintain normal insulin sensitivity and vascular function.
Our data in mice indicate that there exists an important interaction between genetic and environmental factors in the regulation of vascular NO synthesis and glucose and blood pressure homeostasis. In human populations, the prevalence of eNOS polymorphism ranges from 5 to 35% (16 -21) . We speculate that whereas under normal, unstressed conditions a partial defect of NO synthesis may not alter the phenotype, under a metabolic stress, such as the one represented by a Western-type diet, it may facilitate the development of insulin resistance and arterial hypertension.
